Introduction
Ferromagnetic substrates can induce magnetic moments in large molecular adsorbates [1] [2] [3] , as well as small adsorbate species. The induced magnetic ordering in a paramagnetic adsorbate, due to a ferromagnetic substrate, can be roughly described by the Ginzburg-Landau equation [4] [5] [6] . This is a mean field "proximity effect", characterized by an exponential decay of the magnetization with film thickness z as:
with a temperature dependent characteristic paramagnetic correlation length κ −1 [4] [5] [6] , related to short range magnetic order. This mean field approximation (Ginzburg-Landau) does not, however, explain the origin of the adsorbate paramagnetic correlation length or the mechanisms (microscopic Hamiltonian) for induced magnetic ordering in molecular adlayers [6] . While there is an increas-* Corresponding author.
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ing body of data that does tend to support ferromagnetic substrate induced magnetic moments for large molecular adsorbates [1] [2] [3] , the role of magnetic coupling, and the role of the different interfaces remain very open questions.
Unraveling the nature of magnetic coupling in organic layers with induced magnetization, here the organic bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) (or Cu(CNdpm) 2 ), (C 24 H 36 N 2 O 4 Cu, Cu(II)), is the focus of this Letter. In principle, Cu(CNdpm) 2 is a spin 1/2 system without complications from spin-orbit coupling [7] . The molecule Cu(CNdpm) 2 was shown to have a magnetic moment of 1.05 ± 0.04 μ B per molecule and a positive Weiss constant (23 K) was measured indicating weak ferromagnetic exchange between molecules [7] . This occurs in spite of the fact that Cu(CNdpm) 2 molecular films are not metallic, with a relatively large highest occupied to lowest unoccupied molecular orbital gap [7] .
Our goal here is to examine, in detail, the spin polarization of the metal organic molecule Cu(CNdpm) 2 deposited on Co(111). Like the metal phthalocyanines adsorbed on ferromagnetic substrates [1, 2] , thin molecular thin films of Cu(CNdpm) 2 on a ferromagnetic Co(111) substrate will also exhibit spin polarization. 
Methods
The synthesis of bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) (or Cu(CNdpm) 2 ), (C 24 H 36 N 2 O 4 Cu, Cu(II)) was described previously [7, 8] . Cu(CNdpm) 2 ) was isolated as large, blue block crystals (> 1 cm on an edge) that exhibit high thermal stability (> 400 K), reasonable volatilities. For bulk crystals of Cu(CNdpm) 2 , the immediate coordination geometry about Cu(II) is a tetragonally distorted octahedron exhibiting four short Cu-O equatorial bonds and two trans axial Cu-N bonds [7, 8] . But this tetragonal structure is not likely adopted with adsorption on Co(111) [3] . Cu(CNdpm) 2 does adopt a preferential orientation when deposited on the surface of Cu(111) or Co(111) that changes as the thickness increases [3] .
Molecular thin films of Cu(CNdpm) 2 were adsorbed on epitaxial Co(111) thin films, freshly grown on Cu(111). The molecule Cu(CNdpm) 2 was deposited from the vapor as described in prior work [3, 7] . The Cu(CNdpm) 2 molecules were deposited on Co(111) substrates at about 40 K. Adequate Cu(CNdpm) 2 vapor pressure was obtained by subliming the molecule at a temperature of approximately 350 K (80 • C). Clean Cu(111) substrate surfaces were prepared by repeated cycles of Ar + ion sputtering and annealing of a Cu single crystal. The epitaxial Co(111) thin film substrates were grown in situ on a clean Cu(111) single crystal to a thickness of 20 Å and characterized by low-energy electron diffraction (LEED), photoemission, and spin-polarized photoemission. Typically, epitaxial Co(111) layers on Cu(111) possessed 20-40% spin polarization, depending on the incident photon energy and film thickness, consistent with the literature [9] [10] [11] [12] [13] . Care was taken to avoid photodecomposition of the molecular film during photoemission experiments, as studied in detail and described elsewhere [14] .
Spin polarized angle resolved photoemission spectra were acquired at the U5UA undulator spherical grating monochromator (SGM) beamline at the National Synchrotron Light Source (NSLS) [15] [16] [17] . Linearly polarized light from an undulator source was monochromatized using a spherical grating monochromator (SGM) operating in the range 20 to 150 eV. The ultra-high-vacuum photoemission end station was equipped with a commercial angleresolved hemispherical electron energy analyzer (EA125, Omicron GmbH) and a post electron energy analyzer Mott detector for spin polarization analysis [15] [16] [17] . The spin polarization P for the collected data was determined according to
where I L and I R represent the number of electrons scattered into the left and right channels of the Mott detector, respectively. Spin minority and spin majority spectra are thus taken simultaneously. To eliminate instrumental asymmetry, it was necessary to measure the sample magnetized "up" (I while the combined energy resolution of the analyzer and the light source was approximately 150 meV or less. The photoemission spectra were taken at 45 • light incidence angle, with the photoelectrons collected normal to the surface, unless indicated otherwise. Throughout this Letter, all binding energies are referenced to the substrate Fermi level, and angles are defined with respect to the substrate surface normal. In general, the spectra were taken at photon energies in the region of 49-50 eV, so secondary background subtraction from the spectra was not necessary and the spectra shown are as taken.
Spin asymmetry
Spin polarized photoemission spectroscopy of adsorbed Cu-(CNdpm) 2 molecular thin films deposited on epitaxial Co(111) at 40 K are shown in Fig. 1 (blue and red lines represent spin majority and minority states, respectively). We found spin asymmetries 40% near the Fermi edge in the 3d band of the clean Co(111) substrate, as reported for Co [9] [10] [11] [12] [13] . The cobalt 3d bands exhibit an exchange splitting near the Fermi edge ( Fig. 1(a) ) of about 1 eV consistent with the literature [12] [13] [14] [15] [16] . Cu(CNdpm) 2 deposited on clean Co(111) at 40 K leads to a decrease in the observed spin majority polarization near the Fermi edge, in spin polarized photoemission spectroscopy, at one molecular monolayer (ML) coverage ( Fig. 1(b) ), followed by an increase in the spin minority polarization with increasing molecular film coverages ( Fig. 1(c) ).
At ten molecular monolayers, there is no spectral density from the Co(111) substrate in our photoemission spectra ( Fig. 1(c) ), as noted in more detail elsewhere [3] . Thus the observed spin polarization is the result of induced polarization in the Cu(CNdpm) 2 molecular adlayer. Substrate contributions to the observed spin asymmetry observed in the photoemission from monomolecular films cannot be excluded by any means, and indeed are a likely contribution to the thinner molecular films due to the finite electron mean free path. The increase in the spin minority population, with molecular adsorption occurs at somewhat higher binding energies corresponding to the higher occupied molecular orbitals of Cu(CNdpm) 2 , as seen in Fig. 1 , and is assigned to the photoemission features resulting from the Cu(CNdpm) 2 molecular orbitals.
Calculations for a single Cu(CNdpm) 2 molecule predict an inherent spin polarization for specific molecular orbitals, as indicated in Fig. 1(d) . These model calculations of the density of states are based on a simplistic semi-empirical method for determin- ing the ground state molecular orbitals (NDO-PM3 or neglect of the differential diatomic overlap, parametric model number 3 [18] ) for a single Cu(CNdpm) 2 molecule. Although PM3 is a simplistic semiempirical calculation, density functional theory (DFT) is notorious for under estimating the band gap, sometimes by a factor 2 or more [19] , particularly for molecular systems, and must be rescaled for comparison with experiment [20] , particularly final state spectroscopies like photoemission and inverse photoemission. To compare the model calculations with experiment ( Fig. 1) , we applied Gaussian envelopes of 1.2 eV full width half maximum to each calculated molecular orbital energy (eigen value) to account for the solid state broadening in photoemission and then summed. These model density of states calculations are rigidly shifted in energy by 4.4 eV and then compared with the combined photoemission data, as indicated in Fig. 1 [7, [21] [22] [23] .
It is clear that the spin asymmetry depends on the molecular orbital contributions in both the experimental data (Figs. 1(b) and 1(c)) and the model calculations ( Fig. 1(d) ), as has been noted elsewhere [3] . The highest occupied molecular orbital (HOMO), at about 3 to 4 eV binding energy, has the largest spin asymmetry.
Induced magnetic ordering
If the observed spin polarization for molecular thin films of Cu(CNdpm) 2 deposited on Co(111) in Fig. 1 is merely the result of the ferromagnetic substrate polarizing the molecule then the spin polarization should decay exponentially with thickness, in the context of the Ginzburg-Landau model (Eq. (1)). This mean field approximation can be applied to a paramagnetic substance deposited on a ferromagnetic substrate for thin layers, but does not provide insight into the microscopic mechanisms for coupling. Indeed, if applicable at all, the mean field approximation should apply to similar metal centered macrocyclic molecules like Cu phthalocyanine (CuPc).
Copper phthalocyanine (CuPc) is a similar disk shaped metalorganic molecule that displays interesting magnetic properties [1, 2] . Suzuki et al. also found spin polarization in thin films of CuPc on Fe(100) [1, 2] . Figs. 2(a) and 2(b) show the spin asymmetry of 1 monolayer (ML) of CuPc deposited on Fe(100) and 10 monolayers (ML) of Cu(CNdpm) 2 deposited on Co(111), respectively. The highest measured spin asymmetry reported for CuPc on Fe(100) is around 5-6% [1] . As the CuPc thickness increases, the spin polarization decays exponentially as shown in Fig. 3(b) . These data were taken using metastable helium atom quenching, and hence are much more surface sensitive than the spin polarized photoemission data taken for Cu(CNdpm) 2 , but some limited comparison is possible.
While the analysis of our data for Cu(CNdpm) 2 deposited on Co(111), herein, and published data for Cu phthalocyanine (CuPc) deposited on Fe(100) [1] shows that there is indeed an exponential change in the polarization (Fig. 3) , this is NOT a simple exponential, as in Eq. (1). The decay does not appear to tend towards zero for either metal organic species. We found that the exponential component, neglecting the additional constant factor in the fit to the data, indicates a paramagnetic correlation length for CuPc on Fe(100) to be κ −1 ∼ 0.77 ± 0.11 monolayers (ML). For the thin films of Cu(CNdpm) 2 on Co(111) we found the correlation length to be κ −1 ∼ 1.7 ± 0.7 monolayers (ML), with the addition of a constant term. The correlation lengths were found in both cases by fitting the data for CuPc on Fe(100) (from [1] ) and Cu(CNdpm) 2 on Co(111) shown in Fig. 3 with Eq. (1) . These values for the paramagnetic correlation length are only approximate as we are not strictly surface sensitive: the photoelectrons have a finite mean free path of 5-10 Å. A rather large paramagnetic correction length, similar to that for Cu(CNdpm) 2 on Co(111), also might be inferred for pentacene based on the spin-polarized metastable helium atom de-excitation spectra taken for pentacene adlayers on Fe(100) [24] .
While Eq. (1) works well for the initial coverages of CuPc on Fe(100) and Cu(CNdpm) 2 deposited on Co(111), the persistence of spin polarization at the higher molecular coverages suggests a more complicated picture for the induced spin polarization of these molecular overlayers. The decay constant does appear to be correct for a molecular paramagnet, in the case of CuPc on Fe(100), with correlation lengths on the length scale of about a molecule, were the polarization to decay to zero with increasing film thickness.
As the thickness of the molecular Cu(CNdpm) 2 coverage on Co(111) increases, the magnitude of the spin polarization decreases then increases while becoming negative, at a binding energy of about 3-4 eV (the position of maximum polarization asymmetry for Cu(CNdpm) 2 on Co(111)). If Cu(CNdpm) 2 followed the Ginzburg-Landau model for a paramagnet on a ferromagnetic substrate, the spin polarization should decrease exponentially to zero, according to Eq. (1), while maintaining the same direction of spin polarization as the substrate. A deviation from Eq. (1) in the Ginzburg-Landau model and the observed spin polarization is not merely the result of the remnant magnetic field of the ferromagnetic Co(111) substrate magnetizing the adsorbed Cu(CNdpm) 2 layer. The constant added to Eq. (1) allows the data to be fit quite well (as for Cu(CNdpm) 2 on Co(111) in Fig. 3(a) and for CuPc on Fe(100) in Fig. 3(b) ) for the spin polarization obtained at some binding energies (but not all, as noted below). Because the fits to the data (dashed lines) in Fig. 3(b) are exponential fits of the spin asymmetry data using Eq. (1) with an added constant, expectations from mean field theory are not met. Without the addition of a constant, the data points in Fig. 3 for higher molecular coverages are not well fit by Eq. (1).
The deviation from the expectations of Ginzburg-Landau mean field theory is also evident when one looks at the polarization at 15 eV binding energy, as plotted in Fig. 3 for Cu(CNdpm) 2 on Co(111). As seen in Fig. 3 (with a fit plotted as a dash-dot line), the polarization increases, at these greater binding energies, with increasing Cu(CNdpm) 2 film thickness on Co(111), although no change in the sign of the polarization is observed.
Induced polarization in an adsorbate, by a ferromagnetic substrate is known and has been identified in a wide variety of adsorbates. Indeed, it is expected that for a ferromagnetic metal, such as Ni, Fe, and Co, the 3d orbitals overlap into an adsorbate layer. Studies of physisorbed Xe [25, 26] and chemisorbed O [27] and I [28] adsorbed onto Co and Fe surface confirm 3d orbitals overlap into the adsorbate. Measured spin polarization is due to interaction with the substrate.
For chemisorbed oxygen (O) on the surface of iron (Fe), the O 2p x and 2p y bands have been shown to hybridize with Fe 3d xy band and the O 2p z band hybridizes with the Fe 3d 3z 2 −r 2 band [28, 29] . Hybridization of the iodine (I) 5p xy and 5p z orbitals may also be responsible for the observed spin polarization of chemisorbed I on the surface of Fe(110) [28] . Similarly, spin polarized photoemission studies reveal that spin polarization is observable in physisorbed Xe on Fe(110), Fe(100), and Co(0001) crystal thin films [25, 26] . Xenon should have no magnetic moment due to its completely filled electronic shell. When Xe is ionized it has the same electronic configuration as I and goes from being physisorbed to forming a chemical bond with the Co substrate. Photoionization can remove only one electron from Xe and results in a spin polarized photoemission spectra [25, 26] . However, in the case of physisorbed Xe, the spin splitting is a final state effect rather than an initial state effect as in the case of chemisorbed species [25, 26] . Therefore, some interaction must occur between the Co substrate, specifically the Co 3d orbitals, and the Xe 5p orbitals. Studies of Xe on Fe(100) by Getzlaff and colleagues [25, 26] revealed that the distance between the sample and the adsorbate was quite important. After about 4 Å, the ferromagnetic 3d orbitals do not significantly overlap into the adsorbed Xe [25] . They found that for distances of 2 Å the overlap is much stronger than for greater distances and is responsible for the initial state spin polarization occurring in chemisorbed atoms such as I and O [25, 26] . For pentacene on Fe(100) [24] , it may well be that the paramag- netic correlation length of pentacene is simply very large, and that otherwise the induced spin polarization follows the expectations of Ginzburg-Landau theory.
What is unusual here with these large metal organic species, particularly for Cu(CNdpm) 2 , is that the spin polarization of Cu(CNdpm) 2 is larger than the expected value from Eq. (1) for 10 monolayers (ML) on Co(111). Where the coverage dependence in mean field theory results in a |M (y)| y=z that is positive and large (represented by a nonzero polarization either positive or negative) for a significant film thickness y, there is a live surface layer [5] . Thus, our results here suggest that the surface layer of Cu(CNdpm) 2 molecules on Co(111) has a magnetic ordering behavior different from the bulk of the molecular thin film. Whatever the origin for the thickness dependence of the spin polarization of Cu(CNdpm) 2 molecular films on Co(111), extra-molecular coupling must be invoked, and this is certainly consistent with the weak intermolecular coupling found in magnetometry [7] . The same may well be true of CuPc on Fe(100), but the case is less compelling.
While it is possible that Cu(CNdpm) 2 on Co(111) at 40 K is ferromagnetic, unfortunately, we cannot, as yet make a compelling case that this is indeed the case from the available data. There is not enough data to establish the expected linear relationship of |M (z) −1 | [30, 31] expected for a weak ferromagnet (Cu(CNdpm) 2 ) on a stronger ferromagnet (cobalt), as seen in Fig. 4 . We have also not identified spin polarization for adsorbed Cu(CNdpm) 2 on a nonmagnetic substrate as yet [3] . There is also the complication that the preferential molecular orientation is dependent on the interface and film thickness [3] . Changing the interface alters the preferential orientation of the molecules, so we cannot exclude that the packing of Cu(CNdpm) 2 on substrates other than Co(111) is not a molecular packing favorable to an intermolecular magnetic coupling that is strong enough to sustain molecular magnetism. Thus much more investigation, along the line presented here, for a variety of local moment molecular systems, is clearly indicated.
Summary
Spin polarization was observed in molecular thin films of Cu(CNdpm) 2 grown on epitaxial Co(111) indicating magnetic order. The overall direction of spin polarization of these molecular thin films for 1 monolayer (ML) was the same as the substrate, but reversed spin polarization for 10 monolayers (ML). Spin polarization of Cu(CNdpm) 2 molecular thin films did not universally decay exponentially as thickness increased, indicating a deviation from the Ginzburg-Landau model for a simple paramagnet on a ferromagnet. If Cu(CNdpm) 2 is a paramagnet on Co(111) at 40 K, then it is very likely that the surface of the molecular film exhibits a sort of "live" magnetic behavior, not easily suppressed. The model spin polarized density of states calculations for a single Cu(CNdpm) 2 molecule show spin polarization for specific molecular orbitals that are consistent with the spin polarized photoemission spectra.
